Trypanosoma brucei is a kinetoplastid flagellate, the agent of human sleeping sickness and ruminant nagana in Africa. Kinetoplastid flagellates contain their eponym kinetoplast DNA (kDNA), consisting of two types of interlocked circular DNA molecules: scores of maxicircles and thousands of minicircles. Maxicircles have typical mitochondrial genes, most of which are translatable only after RNA editing. Minicircles encode guide RNAs, required for decrypting the maxicircle transcripts. The life cycle of T. brucei involves a bloodstream stage (BS) in vertebrates and a procyclic stage (PS) in the tsetse fly vector. Partial [dyskinetoplastidy (Dk)] or total [akinetoplastidy (Ak)] loss of kDNA locks the trypanosome in the BS form. Transmission between vertebrates becomes mechanical without PS and tsetse mediation, allowing the parasite to spread outside the African tsetse belt. Trypanosoma equiperdum and Trypanosoma evansi are agents of dourine and surra, diseases of horses, camels, and water buffaloes. We have characterized representative strains of T. equiperdum and T. evansi by numerous molecular and classical parasitological approaches. We show that both species are actually strains of T. brucei, which lost part (Dk) or all (Ak) of their kDNA. These trypanosomes are not monophyletic clades and do not qualify for species status. They should be considered two subspecies, respectively T. brucei equiperdum and T. brucei evansi, which spontaneously arose recently. Dk/Ak trypanosomes may potentially emerge repeatedly from T. brucei. dourine ͉ mitochondria ͉ protozoa ͉ RNA editing ͉ surra
T rypanosoma brucei is a kinetoplastid flagellate responsible for human sleeping sickness and the ruminant disease nagana in Africa. The mitochondrial (mt) or kinetoplast DNA (kDNA) of trypanosomatids consists of a huge network of interlocked circular DNA molecules of two types: maxicircles and minicircles. The former encode classical mt genes, the transcripts of most of which are rendered translatable only upon the uridine insertion/deletion type of RNA editing. Minicircles encode small RNA molecules termed guide (g) RNAs, necessary for decoding encrypted maxicircle transcripts (1) (2) (3) .
The kDNA is one of the largest mt genomes known. A sophisticated machinery ensures faithful replication of the kDNA of T. brucei, which is represented by thousands of minicircles (each Ϸ1.0 kb in size) and dozens of maxicircles (Ϸ23 kb) (4, 5) . Because it supplies the substrate gRNAs required for RNA editing, the possibility that T. brucei would lose its kDNA would seem unlikely. Yet a partial or even full loss of kDNA, termed dyskinetoplastidy (Dk) and akinetoplastidy (Ak), occurs in nature and can be induced in the laboratory (6) .
T. brucei has a complex life cycle. It proliferates in vertebrates as the bloodstream stage (BS), which relies on glycolysis and has down-regulated mitochondria; in the tsetse fly vector, it exists as the procyclic stage (PS) with a fully active organelle (7) . The partial or total loss of kDNA locks the trypanosome in the BS form, because the information in the kDNA network is essential for the PS (2) . The reduction of a heteroxenous life cycle to a monoxenous one has had dramatic consequences, such as the elimination of the tsetse vector (or any other similar insect vector) from the life cycle, which paradoxically allowed trypanosomes to leave the African tsetse belt and spread to other continents (8) . Recombination or genetic exchange does not occur in Dk/Ak trypanosomes (6, 9) .
Dk/Ak trypanosomes are categorized into three species: Trypanosoma equiperdum, Trypanosoma evansi, and Trypanosoma equinum (10) . T. equinum has now been synonymized with T. equiperdum (11, 12) and will not be further discussed herein. A widely accepted paradigm holds that T. evansi evolved, via T. equiperdum, when camels infected with T. brucei moved to tsetsefree areas (10) . T. equiperdum and T. evansi are responsible for dourine and surra, respectively, economically significant diseases infecting horses, camels, and water buffaloes, transmitted in the BS by bloodsucking insects or coitus (9) . Surra is the most widespread and serious disease of camels. Apart from causing different clinical diseases, T. equiperdum (dourine) and T. evansi (surra) differ only in that the former contains at least fragments of kDNA maxicircles (Dk), missing from T. evansi (Ak). Hundreds of studies on the epidemiology, pathology, and prevalence of both diseases have been published (6, 9, 13) . Yet the existence of T. equiperdum has been questioned, because no new strains have been isolated for a long time (ref. 13 , but see refs. 14 and 15) .
We have performed a multifarious characterization of representative strains of T. equiperdum and T. evansi. Our results reveal that both species are strains of T. brucei, which independently lost parts of their kDNA. Neither the Dk nor Ak trypanosomes are monophyletic clades, and thus they would not qualify for species status. We suggest they be considered as subspecies, respectively, T. brucei equiperdum and T. brucei evansi. Our findings provide important insights into the mt functions and reveal the enormous plasticity of T. brucei.
Results
It has been shown that some T. equiperdum strains contain a deletion in their kDNA maxicircle (16) (17) (18) , whereas ambiguity remained whether other strains have an intact or disrupted maxicircle (19) . We first sequenced the maxicircle coding region in two strains of T. equiperdum. The analysis of strain STIB818 (Table 1) confirmed the occurrence of a 9-kb deletion, flanked by truncated 12S rRNA and cytochrome oxidase subunit 1 (cox1) genes; all other retained genes are intact [supporting information (SI) Fig. 8C ]. The second strain, STIB842, is a representative of strains with the whole assortment of maxicircle genes, as shown by a PCR-based screen of nine T. equiperdum strains ( Table 2; SI Table 3 ). Sequencing confirmed the presence of all apparently functional maxicircle genes in STIB842 (SI Fig. 8B ), with 97% nucleotide identity with T. brucei (SI Fig. 8A ). No maxicircle genes could be amplified from three other strains labeled as T. equiperdum (American Type Culture Collection nos. ATCC30023, STIB784, and AnTat 4.1; Table 2 ), yet the presence of maxicircle genes is the only molecular feature that would distinguish T. equiperdum from T. evansi (6, 9, 12) . The absence of the maxicircle genes in all tested T. evansi strains was anticipated ( Table 2) .
To rule out the possibility that some T. equiperdum strains are mislabeled T. brucei strains, mice were experimentally infected with the T. brucei strain STIB920, T. equiperdum strains STIB818 and STIB842, and T. evansi strains STIB805 and STIB810. With the exception of Ak STIB805, all strains showed very similar dynamics of parasitaemia and invariably killed the mice within 3-4 days ( Fig.  1A) . To test the ability of the studied trypanosomes to lose kDNA, mice were injected with ethidium bromide (EtdBr) in the early phase of infection. Indeed, all tested Dk strains were prone to the loss: 90% of cells had no detectable kDNA within 48 h (SI Fig. 9B ). The absence of kDNA had no effect on pathogenicity, because the parasitaemia progressed equally with and without EtdBr treatment ( Fig. 1B ). However, the T. brucei STIB920 infection performed with EtdBr treatment was not lethal for the mice, because the parasites were eliminated from the blood (Fig. 1B) .
To corroborate that the studied T. equiperdum are morphologically indistinguishable T. brucei, transformation from the BS to PS was performed in vitro in the SDM-79 medium supplemented with citrate and cis-aconitate (20) . Although the transformation of T. brucei STIB920 started within 12 h, and at 60 h virtually all cells had transformed into the PS, no transformation was observed in the Dk strains, which all perished after 4 days (SI Fig. 10 ).
An extensive restriction analysis to assess minicircle complexity revealed sequence heterogeneity of the T. brucei minicircles and their apparent homogeneity in T. equiperdum and T. evansi ( Fig. 2A and SI Fig. 11 ). Note that the T. equiperdum strains with full-size maxicircles (STIB841 and STIB842) (Table 2) exhibit the same extent of minicircle homogenization as other Dk strains ( Fig. 2 A) . The lack of minicircle heterogeneity was confirmed by sequence analysis, because all 14 and 7 AsuII-linearized minicircles of strains STIB818 (class A T. equiperdum) and STIB842 (class B T. equiperdum), respectively, were virtually identical within each strain (SI Fig. 12 ). The class A minicircles contain three putative gRNA genes, whereas a nonoverlapping set of five gRNAs is encoded by n.a., information not available. *Derived from strain Lister 427. class B minicircles (SI Fig. 11 ). With the whole T. brucei minicircle population as a template for random hexamer labeling, Southern hybridization confirmed the total absence of minicircles in the Ak strains of T. evansi (Fig. 2B) .
Table 2. Presence/absence of maxicircle-encoded genes in selected Trypanosoma spp. strains
To assess the consequences of the alterations of the mini-and maxicircle components of kDNA on the RNA level, we analyzed the transcription and editing of selected mt transcripts. Using probes specific for preedited, edited, and never-edited mRNAs, we performed Northern blot analysis of ATPase subunit 6 (A6) and cytochrome oxidase subunits 1-3 (cox1, -2, and -3). All probes gave the strongest signal in the PS T. brucei 29-13 cells. The preedited A6 and cox3 and never-edited cox1 mRNAs were also abundant in the BS T. brucei strain STIB920 (Fig. 3A) . However, the only mt transcripts detected in the Dk trypanosomes were the preedited A6 and cox3 mRNA in the T. equiperdum strain STIB842 and neveredited cox1 in STIB818, both known to contain the respective genes in their maxicircles ( Table 2) .
To determine whether the mt mRNAs in the full-size maxicircle strain STIB842 undergo editing, we performed quantitative realtime (q)PCR on cDNA from these cells with primers directed against selected preedited [A6; ribosomal protein S12 (RPS12); cox2; maxicircle unknown reading frame 2 (MURF2)], edited (A6; RPS12; cox2; MURF2), and never-edited transcripts [cox1; NADH-dehydrogenase subunit 4 (ND4) (SI Table 3 )]. All reactions were performed in triplicate, including those for determination of the expression of nuclear-encoded ␤-tubulin and 18S rRNA transcripts, used as references for calculations of the relative abundances of the mt mRNAs. The levels of all examined transcripts in the PS and BS of T. brucei strain 29-13 were as described (2), and the A6, MURF2, RPS12, and cox2 mRNAs were edited ( Fig. 3B ). However, although the T. equiperdum STIB842 has a full set of maxicircle genes, editing was confined to transcripts that require only maxicircle-encoded gRNAs, namely cox2 and MURF2 (Fig.  3B ). The T. equiperdum strain STIB818 has a 9-kb deletion in maxicircle but still retains genes for RPS12, cox1, and ND4; the mRNAs testify to the ongoing transcription of the maxicircle (Fig.  3A) . Only preedited RPS12 mRNA was detected in this strain (Fig.  3B) . Because missing minicircle-encoded gRNAs have restricted editing in the STIB842 strain to the usage of maxicircle-encoded gRNA genes, we wondered which components of the editing machinery are present in these Dk cells. We confirmed the presence of all tested proteins involved in editing (MRP1, MRP2, TbRGG1, RBP16, and TbTUT1) in the essayed strains, including Ak T. evansi STIB805 (Fig. 4A ). Moreover, even in the total absence of minicircles in this strain (Fig. 2B) , the minicircle-binding protein UMSBP and the mt DNA polymerase IC are still produced and imported into the organelle (Fig. 4A) .
We tested the presumption that the metabolism of Dk/Ak trypanosomes is similar to that of the BS of T. brucei. Trypanosome alternative oxidase (TAO), which is strongly up-regulated in the BS, was revealed to be similarly abundant in the Dk/Ak cells (Fig. 4A ). Antibodies against subunits of ATPase (F 1 subunit ␤ and F 0 subunit b) recognized their target in all lysates, but this essential complex was down-regulated in T. evansi (Fig. 4A) . Proteins confined to the PS T. brucei (see also Northern blot in Fig. 3A) , such as the nuclear-encoded cox6, Rieske Fe-S protein, trypanosome-specific subunit of cytochrome oxidase (trCO4), cytochrome c (CytC), and apocytochrome c 1 (apoC 1 ), were absent from the BS, regardless of their species affiliation (Fig. 4A ). Both insect (PS) and mammalian stages (BS) of T. brucei differ strikingly in their sensitivity to KCN and salicylhydroxamic acid (SHAM), the inhibitors of respiratory complexes and TAO, respectively. The BS of T. brucei STIB920 and the T. equiperdum and T. evansi strains use TAO as their sole electron acceptor ( Fig. 4B; SI Fig. 13 ).
Because the membrane potential was shown to be upheld by F 1 -ATP synthase in the DK strain 164, which contains a mutated ␥ subunit to compensate for the loss of the putative A6 subunit (21), we sequenced the gene for the ␥ subunit in 19 Dk/Ak strains. In the relevant region, which is highly conserved among all known members of the genus Trypanosoma (Fig. 5 Top), the Dk/Ak strains show either a deletion or a mutation. With one exception (STIB842), the deletion or mutation was present only in one allele of what is a single-copy gene in T. brucei (Fig. 5 Middle) . Sequence analysis of the ␥ subunit cDNAs in STIB810 confirmed that both alleles are transcribed, but 90% mRNAs are derived from the mutated allele, indicating it is more highly expressed ( Fig. 5 Bottom) . Membrane potential was virtually identical in all tested Dk/Ak strains and T. Fig. 11 ). Linearized minicircles are indicated by an arrowhead. Note the presence of kDNA network in the slot of the T. brucei lane (arrow). (B) Southern blotting of total DNA isolated from representative strains and digested with restriction enzyme TaqI. The membrane was hybridized with a radiolabeled probe prepared from total T. brucei minicircles.
Fig. 3. Transcript levels (A) and RNA editing (B). (A) Levels of mt and cytosolic transcripts detected by
Northern blotting in representative strains of T. brucei, T. equiperdum, and T. evansi. P, preedited; E, edited; A6, ATP synthase subunit 6; cox1-3, cytochrome oxidase subunits 1-3; trCO4, trypanosome cytochrome oxidase subunit 4; CO6, cytochrome oxidase subunit 6; 18S, 18S ribosomal RNA. As a control, the gel was stained with EtdBr to visualize rRNA bands. (B) RNA editing of some mRNAs is affected in the Dk/Ak cells. Real-time PCR analysis of preedited, edited, and never-edited mRNAs, performed in triplicate on cD-NAs. For each target amplicon, the relative change in RNA abundance was determined by using cytosolic transcripts of ␤-tubulin and 18S rRNA (data not shown) as internal references, because their transcription was not affected. The relative abundance of each examined transcript was plotted on a logarithmic scale: 1.0 represents the level in BS of T. brucei STIB920; A6, ATPase subunit 6; cox2, cytochrome oxidase subunit 2; MURF2, maxicircle unknown reading frame 2; RPS12, ribosomal protein S12; never-edited cox1 mRNA; and ND4, NADH-dehydrogenase subunit 4.
brucei, showing that a noncanonically composed ATP synthase (Fig. 4A) is sufficient for its maintenance (SI Fig. 14) .
Neither the deletion nor the absence of the maxicircle kDNA has an impact on kinetoplast morphology, which retains its characteristic disk-like structure in the Dk strains ( Fig. 6 A-D) . The only cells in which electron microscopy failed to detect any kDNA disk were the Ak strains, which completely lack minicircles (Fig. 6E) .
We addressed the controversial issue of taxonomy and species assignment of the Dk/Ak trypanosomes using the spliced leader (SL) RNA gene. We sequenced 59 nonreiterative SL RNA genes with their intergenic regions from 21 Dk/Ak strains. Because pronounced intragenomic variability was confined to the most variable part of the intergenic region, the amplicons could always be unambiguously aligned. Sequences were aligned with a complete set of 26 SL RNA genes from T. brucei 927, incomplete sets of newly sequenced (14 SL RNA sequences), and available SL RNA genes for T. brucei strains 29-13, EATRO-HN and STIB920, and T. brucei gambiense, analyzed by neighbor joining and shown as an unrooted tree (Fig. 7) . Because of a limited amount of phylogenetic information in the Ϸ1.4-kb region, bootstrap support is generally low. However, two distant clusters of the T. brucei SL RNA sequences obtained from the EATRO-HN and 29-13 strains are intermingled with T. equiperdum sequences. The T. evansi sequences are confined to half of the tree but are interspersed with T. equiperdum and T.b. gambiense SL RNA sequences (Fig. 7) .
Discussion
For Ͼ100 years T. brucei, T. equiperdum, and T. evansi have been considered separate species, based on differences in the mode of transmission, host range and pathogenicity, and longstanding understanding that T. equiperdum retains at least a part of maxicircle kDNA, whereas T. evansi completely lost it (6, 9, 12) . Our data show that the Dk/Ak strains of T. equiperdum and T. evansi have evolved from T. brucei after losing the capacity to faithfully replicate their kDNA. RNA editing is essential in T. brucei for both PS and BS (22) . However, the selective pressure to retain the full array of minicircle gRNA genes, a prerequisite for fully functional editing, will no longer exist in the absence of the tsetse fly infective stage (PS). This possibility exists because respiratory complexes III and IV are down-regulated in the BS, and many of the mt-encoded genes are subunits of these complexes. A notable exception is the putative A6 subunit of ATP synthase, which is essential for maintaining membrane potential in both PS and BS (21, 23) . Its mRNA is edited by Ϸ20 gRNAs located on numerous kDNA minicircles, whereas hundreds of gRNAs needed for decoding of at least 11 mRNAs in the PS are unnecessary for the BS (2, 3) . Therefore, in the mammalian stage, the minicircles may no longer be essential. Although unfaithful kDNA replication in the PS will result in the loss of essential gRNA(s) (24) , leading to death, the BS may lose many gRNAs, because most encode information not essential in this stage, with the exception of the A6-specific gRNAs.
The loss of gRNA genes entails the inability of the parasite to transform into the insect PS. Therefore, transmission can only be by haematophagous insects or blood exchange during coitus. The subsequent homogenization of minicircles will lead to the loss of the A6-specific gRNAs, disrupting editing of the still essential A6 subunit. This pressure will likely select cells with a mutation in the ␥ subunit of ATP synthase, enabling the parasite to compensate for the lack of the A6 subunit, thus allowing survival. Computer simulations of minicircle-sequence class plasticity show that many unnecessary classes may be lost within a few hundred generations, whereas it may take tens of thousands of generations before the last few classes are lost (24) , showing how vulnerable trypanosomes are in their vertebrate host to the loss of gRNA genes unnecessary for the BS (see below).
Our data show that the first step toward Dk is the homogenization of minicircles, followed by some deletion in the maxicircles. Because we found no strains with maxicircles that progressively accumulated mutations, we assume that fragility of the mt genome makes it prone to deletions. The maxicircles are thereafter lost altogether, and the demise of kDNA is completed by a total elimination of minicircles in the Ak cells. A consequence of minicircle homogenization is that the mt RNAs cannot be properly edited. Even with the number of minicircle-encoded gRNA genes dropping from several hundreds in T. brucei to only approximately eight in the Dk strains, the protein machinery underlying editing remains intact, using maxicircle-encoded gRNAs. This is the case in the maturation of cox2 and MURF2 mRNAs, which are edited by cis-and trans-acting maxicircle gRNAs, respectively. In the latter case, editing is drastically reduced, presumably because the MURF2 gRNAs are also supplied by minicircle genes. Unexpectedly, components of all of the characterized multiprotein complexes involved in editing are still present in the Ak strains, which lack any nucleic acids in their organelle, a situation mimicked in laboratoryinduced Dk T. brucei (25) .
RNA editing and kDNA replication are baroque processes, requiring dozens to hundreds of proteins (2, 3, 5) . However, it is the unfaithful replication and/or segregation of minicircles that is the trigger of kDNA loss. As with the editosome proteins, replication proteins such as mtDNA polymerase IC and UMSBP remain abundantly present even in the absence of their substrates. (Note that the absence of maxicircles does not impact the structure of the kDNA disk.) Without selective pressure, the now-useless organellar nucleic acids are doomed, with the weird twist that proteins involved in their replication, transcription, and editing remain despite an apparent redundancy. Because not even the Ak strains are devoid of these proteins, dozens of such proteins continue to be synthesized and imported into the DNA-lacking mitochondrion, testifying to a stunning lack of ''communication'' between the organelle and the nucleus in these primitive flagellates.
This situation may be an indication that the Dk/Ak trypanosomes diverged from T. brucei fairly recently, because they still retain genes rendered unnecessary by the loss of the mt genome. However, another factor may account for the persistence of these unneeded genes. In contrast to other eukaryotes, trypanosome protein-coding genes are organized as polycistronic transcription units (26) . Comparative analysis of the genomes of T. brucei, T. cruzi, and Leishmania major has revealed a tendency for maintaining gene order (27) . It may be difficult to lose specific editing and kDNA replication/maintenance genes without major rearrangements of the chromosomes.
We have discovered intermediate steps in the process of kDNA loss, which was unexpected because T. brucei is an ancient protist, split from T. cruzi Ϸ100 Mya (28) , whereas the loss of nonessential parts of the kDNA may have happened within decades (24) . One would expect T. brucei either with intact kDNA or totally devoid of it. This conundrum can be resolved by postulating a continuous appearance of new strains outside Africa with nonfunctional kDNA that at some point reach the Ak state. The loss of kDNA, combined with the lack of the genetic recombination in the insect vector, amounts to a selective disadvantage of these strains, eventually leading to their elimination and replacement by newly evolved strains following the same path. An alternative explanation would be that humans have caused this process recently, by transporting infected animals out of the African tsetse belt. The transformation into the Dk and eventually the Ak cells enabled these flagellates to spread out of Africa and become the most widespread pathogenic trypanosome (8) .
No substantial differences have been found between T. brucei and the Dk/Ak strains other than in the kDNA (9, 12, 29) . The SL RNA intergenic region is a multicopy marker suitable for discrimination between closely related trypanosomatid isolates (30, 31) . The SL RNA sequences derived from T. equiperdum and T. evansi strains are intermingled with the T. brucei and T.b. gambiense sequences, none of which form a species-specific cluster. The paraphyly of T. equiperdum and T. evansi is further supported by the strain-specific mutations in the highly conserved ␥ subunit and by the fact that the T. equiperdum strains differ in the last abundant minicircle class. These independent genetic traits suggest that any strain of T. brucei can serve as a source of a Dk/Ak lineage.
The absence of monophyly and the short genetic distance from T. brucei strains imply that the species category is inappropriate for T. equiperdum and T. evansi. The available evidence suggests they are the equivalents in T. brucei of the petite mutants of Saccharomyces cerevisiae and other yeasts. Similarly as the petite mutants, the Dk/Ak cells are respiratory-deficient, have an accelerated mutation rate in the ␥ subunit of ATP synthase, and a disrupted mt genome, which can be easily and completely lost upon EtdBr treatment (32) . In the petite mutants of yeast, it has been postulated that allelespecific mutations in the ␣ and ␥ subunits result in the formation of an aberrant ATP synthase that can prevent proton leakage, which allows their survival (33) . A similar effect of one such mutation has been experimentally confirmed (21) .
We propose that the Dk/Ak mutants occur spontaneously and frequently in T. brucei, which is the case for the petite mutants in S. cerevisiae. In both systems, the mutants do not represent a monophyletic assembly but rather strains arising independently and by (slightly) different mechanisms. It would not be practical for the veterinary community to label T. equiperdum and T. evansi as petite mutants of T. brucei. It has been proposed that single or a few gene(s) conferring the ability to occupy a new niche is sufficient to justify the rank of subspecies in a trypanosome (12) . We propose that the rank of subspecies may be assigned in the case of the absence, rather than presence, of some gene(s). In any case, T. equiperdum and T. evansi do not constitute monophyletic groups. We propose to rename them T.b. equiperdum and T.b. evansi. Our data strongly suggest that T.b. equiperdum and T.b. evansi represent intermediate stages of the continuous adjustments of T. brucei cells to life without kDNA.
